Infectious mononucleosis (IM) is an acute sporadic infection that usually affects young adults, and during infection a massive expansion of CD8 T cells is generally considered to occur. However, CD28 expression of the expanded cells has not been characterized. When peripheral blood mononuclear cells of acute IM (AIM) patients were analyzed by flow cytometry, a continuous spectrum of CD28 intensity ranging from negative to high, which could be separated into CD28 negative, intermediate (int), and positive, was seen for CD8 T cells. We studied 26 IM patients who were diagnosed on the basis of standard methods and found that all patients had the continuous CD28 spectrum. CD28 is a costimulatory molecule on T cells, and its expression is associated with the subdivision of CD8 cells into cytotoxic (CD28-positive) and suppressor (CD28-negative) T cells. After 24 h of ex vivo culturing, however, the continuous spectrum was found to consist of only CD28-positive and CD28-negative CD8 T cells, because the CD28-int cells had disappeared due to apoptosis. The CD28-int T cells have several cytotoxic functions, suggesting that CD28-int T cells are effectors. Examination of other costimulatory markers in AIM patients showed that CD80 and CD152 were not affected. In patients with other viral infections, such as measles or rubella, however, the continuous spectrum was not detected. These results suggest that there is an unusual CD28 expression pattern in patients with AIM, namely, the presence of a functional CD28-int subset among CD8 T cells. These findings are of special importance for clarifying the defense mechanism against Epstein-Barr virus infection, and the role of CD28 molecules in humans and should also be helpful for the diagnosis of AIM.
Epstein-Barr virus (EBV) is a ubiquitous gammaherpesvirus that actively infects epithelial cells and establishes latency in B cells
. Most infections occur in young children and are asymptomatic. Adolescents and young adults infected with EBV often present with infectious mononucleosis (IM). Thereafter, in humans the virus maintains a latent infection without symptoms despite a vigorous immune response (8) .
Acute IM (AIM), a manifestation of primary infection with EBV, is characterized by viral replication in the oropharynx, latent virus infection in a fraction of B cells, and massive expansion of T lymphocytes (9, 20, 28) . Although there is a strong antibody (Ab) response to EBV, T cells play the main role in controlling both the primary and persistent phases of infection and in preventing the development of immunoblastic B-cell lymphomas (4) . The expanded lymphocytes are mainly CD8 cells and are an activated effector population that arises in response to, and is directed against, the invading pathogen (2, 3, 7) . Several CD8 subsets, such as HLA-DR and CD45RO, are reportedly increased in AIM (3, 7, 27) . However, these are general activation markers, and an effector subset specific for IM has not been clarified among CD8 T cells.
CD28 is a homodimeric glycoprotein member of the immunoglobulin (Ig) supergene family of costimulatory molecules (5) . Optimal stimulation of T cells requires engagement of T-cell receptors in conjugation with a second signal: ligation of the CD28-related molecules (14) . The interaction of CD28 on the surface of T cells with members of the B7 receptor family on the surface of antigen presenting cells provides an important type of costimulation (5, 14) . The expression of the CD28 molecule is limited mostly to T cells, and CD28 is expressed on virtually all resting CD4 T cells and on about 50% of resting CD8 T cells (14) . Furthermore, according to their CD28 expression, CD8 T cells can be subdivided into cytotoxic (CD28-positive) and suppressor (CD28-negative) T cells (10) . At present, however, the mechanism of regulation of CD28 expression and the role of CD28 molecules are unknown.
The present study aimed to evaluate CD28 expression in the activated populations of CD8 T cells that appear during AIM. We found the emergence of a novel, functional CD28-intermediate (int) subset among CD8 T cells of AIM patients.
MATERIALS AND METHODS
Patients and controls. Clinical diagnosis of IM was based on fever, lymphocytosis, splenomegaly, and atypical lymphocytes in the peripheral blood. Patients who showed a positive IgM Ab titer for EBV capsid antigen (4) were selected for the present study. A total of 26 AIM patients (9 males and 17 females; age range, 15 to 33 years) with recent onset were examined.
Forty-five patients (19 males and 26 females; all under 35 years old) with several other viral infections (measles, human immunodeficiency virus [HIV] , rubella, erythema infectiosum, hand-foot-and-mouth disease, hepatitis B and C, influenza, or mumps) who were diagnosed on the basis of serological tests and clinical symptoms were also examined.
Uninfected individuals (under 40 years old, more than 100 subjects) served as healthy controls. Blood was taken immediately after diagnosis, and informed consent was obtained.
Isolation of PBMC.
Human peripheral heparinized blood was diluted with equal parts of RPMI 1640 medium (Nikken Bio-medical, Kyoto, Japan). Peripheral blood mononuclear cells (PBMC) were obtained by centrifuging the diluted blood over Ficoll-Hypaque (Pharmacia, Uppsala, Sweden) and were washed three times with RPMI 1640 medium (21) .
Flow cytometric analysis of CD8/CD28-related molecules. Cells (10 6 /tube) were incubated on ice for 30 min with fluorescein isothiocyanate (FITC)-conjugated anti-human CD8 monoclonal Ab (MAb) (Becton Dickinson & Co., Mountain View, Calif.) and phycoerythrin (PE)-conjugated anti-human CD28 MAb (Becton Dickinson) or FITC-conjugated Annexin-V (CALTAG) in RPMI 1640 supplemented with 5% fetal calf serum (FCS; Sterile System, Logan, Utah) and 0.02% NaN 3 as described previously (21) .
After the cells were washed and resuspended in the RPMI 1640 medium, flow cytometric analysis was done using a FACScan flow cytometer (21) (Becton Dickinson). Subsequently, the expression of HLA-DR, CD16, CD56, CD45RA, CD45RO, CD80, and CD152 was also examined. Usually, 50,000 viable cells were examined, and the findings were analyzed by using CELLQuest software (Becton Dickinson) (21) .
Assay of cytotoxic function in three CD8 subsets. After CD8 cells were separated into three fractions (CD28 positive, CD28 int, and CD28 negative [see Fig. 4 ]), CD28-positive cells were first electronically sorted with a FACSVantage cell sorter (Becton Dickinson) and then the CD28-int and -negative fractions were sorted. Throughout the culture period the cells were cultured in the presence of interleukin-2 (IL-2) (100 U/ml; Takeda) and IL-10 (100 U/ml; Genzyme) to prevent apoptosis (25) . At the end of sorting, the CD28-positive, -int, and -negative expression patterns of the sorted cell fractions were confirmed.
Autologous and HLA-mismatched EBV-transformed B lymphoblastoid cells (BLC) were prepared by coculturing PBMC of the AIM patients with the culture supernatant of the B95-8 cell line, as described previously (7) . BLC were cultured in RPMI 1640 with 10% FCS.
Cytotoxicity assays were performed with 51 Cr release as described previously (25) . Briefly, fractionated CD8 T cells were seeded in the wells of V-bottomed 96-well plates (Falcon) at the desired cell concentration. BLC and an NKsensitive K562 cell line (23) were incubated with 51 CrO 4 for 90 min, and the labeled cells were washed and resuspended in the culture medium. BLC or K562 cells were then added to each well (2,500 cells/well). After 5 h of incubation, the supernatants were collected and the radioactivity was counted with a gamma counter (Beckman). Each assay was performed in triplicate. The percentages of specific cytotoxicity were calculated as 100 ϫ ([experimental release Ϫ spontaneous release]/[total release Ϫ spontaneous release]). In all experiments the spontaneous release was less than 20% of the maximum release.
For blocking experiments, an anti-class I MAb (Clone W6/32; Cederlane, Hornby, Ontario, Canada) or isotype-matched mouse IgG antibodies were used at a final concentration of 50 g/ml.
RESULTS

Appearance of a continuous feature of CD28 expression among CD8 T cells in AIM.
Analysis of CD8/CD28 expression was carried out by flow cytometry immediately after diagnosis of patients who were suspected of having AIM on the basis of their clinical symptoms. An unusual feature, a continuous spectrum of CD28 intensity ranging from negative to high, was seen for CD8 T cells (typical results are shown in Fig. 1a  through d) . The percentage of cells in the quadrants of Fig. 1 is also shown in Table 1 . Massive expansion of CD8 T cells was observed as reported previously (2, 7). After diagnosis of AIM was confirmed on the basis of serum tests and clinical symptoms, every patient who showed the continuous CD28 expression was diagnosed with AIM. Subsequently, 22 additional AIM patients were examined, and all of them showed the continuous spectrum of CD28 intensity in CD8 but not CD4 T cells (four cases of the latter are shown in Fig. 3a , 4A, and 5). CD8 T cells from 45 patients with other viral infections, such as measles or rubella, however, were clearly separated into two subsets according to their CD28 intensity ( Fig. 1e and f) , as they generally also were for healthy controls ( Fig. 1g and h ). The present findings suggest that AIM patients specifically FIG. 1. Emergence of a continuous figure among CD8 T cells in patients with AIM. After PBMC were separated by Ficoll-Hypaque, the expression of CD28 and CD8 was examined by flow cytometry. Twenty-six AIM patients were examined at diagnosis, and results of four typical samples are shown (a through d). The expression was also examined for 45 patients with other viral infections (measles, HIV, rubella, erythema infectiosum, hand-foot-and-mouth disease, hepatitis B and C, influenza, or mumps) and for healthy controls. Typical findings for viral infections (sample e, hand-foot-and-mouth disease, and sample f, measles) and healthy controls (g and h) are also shown. 
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show a unique, continuous spectrum of CD28 intensity in CD8 T cells. The reason why the continuous figures are seen in AIM patients is not clear, but our findings suggest that a novel, third population of CD8 T cells, a CD28-int subset, whose level of CD28 intensity is between those of fully positive and negative cells, might have emerged during AIM infection. We identified the third population as a CD28-int CD8 T-cell subset.
Appearance of the R2 fraction after 24 h of ex vivo culturing. Another striking feature of AIM T cells is that they rapidly die via apoptosis when incubated ex vivo (1, 26, 27) . After PBMC of AIM patients were cultured for 24 h ex vivo, flow cytometric light scattering analyses were carried out; typical examples are shown in Fig. 2 . When PBMC were freshly isolated and subjected to forward and side scattering (FSC and SSC) analyses, most cells were found in the R1 fraction both in AIM patients and healthy controls ( Fig. 2A, samples a and b) . FSC and SSC reflect the approximate cell size and density, respectively. Usually, most lymphocytes are included in the R1 fraction. After 24 h of ex vivo culturing, a unique R2 fraction emerged in the AIM patients ( Fig. 2A, sample c) and the proportion of cells included in the R1 fraction was decreased markedly (Fig. 2B) , so that the majority of the cells were found in the R2 fraction (Fig. 2B) . In contrast, the proportion of cells included in the R2 fraction did not increase markedly in the healthy controls ( Fig. 2A, sample d, and B) .
Disappearance of the CD28-int subset due to apoptosis. The expression of CD8 and CD28 in the R1 and R2 fractions was examined. In CD8 T cells in the R1 fraction of the AIM patients ( Fig. 2A) , continuous spectrums were seen on day 0 (Fig. 3a) . After 24 h of ex vivo culturing, however, these continuous spectrums disappeared in the R1 fraction, and only CD28-positive and -negative CD8 T cells were detected (Fig.  3c) , as was generally observed for the healthy controls (Fig.  3b) . Even after 24 h of culturing, the expression pattern of 3 . Disappearance of the CD28-int subset in ex vivo cultures due to apoptosis. After PBMC of an AIM patient (a, c, e, and g) and a healthy control (b, d, f, and h) were separated, the PBMC were stained for either CD8 and CD28 (a through f) or CD8 and Annexin-V (g and h), and two-color flow cytometric analyses were carried out before and after 24 h of ex vivo culturing. PBMC were cultured in RPMI 1640 with 10% FCS at 37°C. For this analysis, the R1 (a through d) and R2 (e through h) fractions shown in Fig. 2 were examined. The values are representative of those obtained in five independent experiments.
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CD8/CD28 did not change significantly in healthy controls (Fig. 3d) . In AIM patients, analysis of the R2 fraction of the 24 h ex vivo cultures revealed that CD28-int cells were found in abundance (Fig. 3e) , suggesting that the CD28-int cells were converted from the R1 to the R2 fraction during the 24 h of culturing, which would explain why the continuous spectrum disappeared from the R1 fraction. Analysis of the R2 fraction of the healthy controls, however, revealed that few CD8 cells were present in the 24-h cultures (Fig. 3f) .
When the cells that appeared in the R2 fraction after 24 h were stained with Annexin-V, which detects early signs of apoptosis (11), most of the CD8 cells from the AIM patients were apoptotic (Fig. 3g) . In contrast, few CD8 cells were apoptotic in the healthy controls (Fig. 3h) . Taken together, these findings suggest that a CD28-int subset emerges among CD8 T cells during AIM infection and undergoes apoptosis during 24 h of culturing, and that the ex vivo cultures can discriminate this newly expanded cell population from the ubiquitous CD8 T-cell subsets. The present findings support previous observations that the expanded cells in AIM undergo apoptosis in ex vivo cultures (1, 26) and suggest that the expanded population is mainly a CD28-int subset.
CD28-int T cells have a cytotoxic function for EBV-related antigen.
It has been suggested that in AIM infection the expanded T-cell population has several cytotoxic functions (2, 23, 24, 25) . However, the specificity and functions of these expanded T cells have been difficult to assess in vitro because most of the expanded cells die via apoptosis (1, 26) . In the following experiments, the function of the CD28-int subset was examined in the presence of IL-2 and IL-10, which prevent apoptosis in long-term cultures (1, 25) . After the CD8-positive fraction of AIM patients was separated into CD28-positive, CD28-int, and CD28-negative fractions (Fig. 4A) , each of these fractions was sorted and the cytotoxic activity against autologous EBV-transformed B cells was measured (1). Cytotoxic activity was predominantly detected in the CD28-int population, and little cytotoxic activity was detected in the CD28-positive fraction (Fig. 4B) . Subsequently, we examined the class I restriction of the response. The cytotoxic assay was carried out in the presence of anti-class I MAb or isotypematched mouse Ab as a control. The cytotoxic function was drastically reduced with anti-class I Ab but not with control Ab (Fig. 4C) . The results show that the cytotoxic function of CD28-int T cells was through authentic recognition of antigens presented by class I molecules.
In further experiments, we examined whether CD28-int T cells can kill other targets, such as HLA-mismatched BLC which were reportedly susceptible to being killed by AIM T cells (23, 25) . The labeled allogeneic BLC and K562 cells were added to fractionated CD28-int T cells, and cytotoxic functions were examined. As shown in a representative experiment, CD28-int T cells showed cytotoxic effects against K562 cells and allogeneic BLC. These findings suggest that the unique CD28-int subset of CD8 T cells, expanded in AIM, might be effector cells that function in the defense against EBV infection.
Time course of emergence and disappearance of CD28-int T cells in AIM.
Upon the resolution of AIM, the lymphadenopathy disappears and the absolute number of circulating T cells, as well as the relative proportions of CD4 and CD8 cells, return to normal (3, 4). Next we examined the time course of the expression of the CD28-int subset. Flow cytometric analysis of CD28 and CD8 revealed that the massive expansion of the CD28-int CD8 T cells diminished gradually after the clinical symptoms disappeared (typical figures are shown in Fig. 5 ). The percentage of cells in the quadrants of Fig. 5 are shown in Table 2 . The continuous spectrum of CD28 expression persisted for more than 1 month, and the inversion of the CD4/ CD8 ratio lasted as long as 6 months. Surprisingly, it took more than 1 year to regain a normal CD4/CD8 ratio in the peripheral blood. These findings suggest that CD28-int CD8 T cells emerge during AIM and have profound effects on lymphocytes, especially CD4 and CD8 T cells, in vivo after the clinical symptoms have disappeared.
Expression of other phenotypes in AIM. Other phenotypes, such as HLA-DR, also were examined in cells from AIM patients, and typical findings are shown in Fig. 6 . In the AIM patient samples, about 90% of CD8 T cells expressed HLA-DR and CD45RO (markers of activation), which is in agreement with reported results (3, 7, 27) . In contrast, less than 10% of CD8 cells were CD45RA positive. In healthy controls, most CD8 cells were both HLA-DR and CD45RO negative and CD45RA positive. These findings suggest that the massively expanded CD8 cells were HLA-DR and CD45RO positive and CD45RA negative.
Subsequently, NK cell markers were examined. In the AIM patient samples, CD16-and CD56-positive CD8 T cells were less than 2% of total cells examined, suggesting that the expanded CD8 T cells were different from that of NK cells.
Other costimulatory molecules, CD152 and CD80, were also examined. Few lymphocytes, including CD8 T cells, were CD152 and CD80 positive in either the patients or the healthy controls. These findings suggest that the CD28-int subset emerged without affecting other costimulatory molecules, such as CD80 and CD152, in AIM patients.
DISCUSSION
The present findings provide evidence suggesting that a novel CD28-int subset emerges among CD8 T cells but not among CD4 T cells and that this subset accounts for an unusual continuous spectrum of CD28 intensity that could be separated into the classifications of negative, int, and positive for patients with AIM.
It is generally accepted that a clonal expansion of T cells occurs during AIM infection and that the characteristic features of the expanded cells are as follows. (i) Most expanded cells are CD8 T cells (2, 3, 7) . (ii) Most of the expanded CD8 T cells are HLA-DR positive, CD45RO positive, CD45RA negative, CD38 positive, and CD62 negative (3, 7, 27) . (iii) The expanded cells undergo apoptosis upon ex vivo culturing (1, 27) . (iv) The expanded cells have cytotoxicity specific for EBVrelated antigens (2, 3, 7) . However, the CD28 T-cell subset responsible for these effects in IM has not been identified.
The CD28-int T cells described above have these characteristic features, suggesting that they may be the cells that act as defensive effectors in EBV infection. Indeed, most of the expanded CD8 T cells are HLA-DR and CD45-RO positive, but the expression of CD28 is quite variable, and it does not follow that all of the expanded cells have cytotoxic function (3, 7) . It VOL. 76, 2002 CD28
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has been reported that one-third of HLA-DR-and CD45-ROpositive cells have cytotoxic function (7) . In the present paper the cytotoxic function was through nonspecific mechanisms and was detected predominantly in CD28-int T cells lacking the NK cell markers, such as CD16 and CD56. The present findings are in agreement with previous observations (23, 24, 25) and, furthermore, suggest that the effector cells are mainly   FIG. 4 . The CD28-int CD8 T cells have cytotoxic activity specific for autologous EBV-transformed B cells. (A) Separation of CD8 T cells from a patient with AIM into CD28-positive, -int, and -negative fractions. Flow cytometric analyses of CD8 and CD28 expressions showed that CD8 T cells could be fractionated into CD28-positive (a), -int (b), and -negative (c) CD8 subsets. Throughout the culture period the cells were incubated in the presence of IL-2 (100 U/ml) and IL-10 (100 U/ml) to prevent apoptosis (23). Typical results of three different AIM patients are shown. (B) Comparison of cytotoxic activities among CD8/CD28 subsets. Each CD8/CD28 subset was separately isolated by two cycles of electronic sorting. The three fractionated CD8 subsets (a, b, and c) were tested in triplicate for cytotoxicity against 51 Cr-labeled autologous BLC with various effector/target ratios (1). After 5 h of incubation, the radioactivity was counted and the percentage of specific lysis was calculated (means Ϯ standard deviations). (C) Inhibition of the cytotoxicity with Ab to HLA class I in CD28-int T cells. The fractionated CD28-int CD8 T cells (Fig. 4A, section b) and radiolabeled autologous BLC were incubated with an anti-class I monoclonal Ab (line f), isotype-matched mouse IgG Ab (line e), or medium alone (line d). After 5 h of incubation, the radioactivity was counted and the percentage of specific lysis was calculated. (D) Cytotoxic functions against other targets. The fractionated CD28-int subsets (HLA-A11/ A26 and B52/B56) were tested in triplicate for cytotoxicity against 51 Cr-labeled allogeneic BLC (HLA-A2/A24 and B35/B46; line g) and K562 (line h) cells with various effector/target ratios (1). After 5 h of incubation, the radioactivity was counted and the percentage of specific lysis was calculated (means Ϯ standard deviations). a Time course of CD8/CD28 expression was examined in patients a and b (Fig.  5) . The percentages of cells in quadrants of Fig. 5 are shown.
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a CD28-int subset. These observations may lead to the hypothesis that the expansion is not antigen-specific but rather represents standard activation and/or cross-reactive stimulation of nonspecific cells. The massive expansion of CD8 T cells among PBMC is not specific to AIM but is a common feature during the primary response to several viral infections (19, 29) . Several CD8 subsets, such as HLA-DR-and CD45RO-positive cells, are reportedly increased in AIM infection (3, 7, 27) , but an increase in these markers is also observed for many other diseases, suggesting that these characteristics are not specific to AIM. The regulation of CD28 expression is poorly understood, perhaps because murine cells do not lose CD28 when activated or energized (5) . The generation of a CD28-int population has been reported only after in vitro culturing (12, 16) . The emergence of a CD28-int subset has not hitherto been reported for any human disease, and the functional role of the CD28-int subset remains unknown.
During HIV and human T-cell leukemia virus infections, the expanded CD8 T cells are reportedly CD28 negative (13, 15) . A massive expansion of HLA-DR-and CD45-RO-positive T cells has been confirmed during AIM infection (2, 3, 7, 20, 27) , but the CD28 expression pattern remains controversial. Callan et al. reported that the levels of CD28 positivity were highly variable (3). In another study, CD28 expression was lower in AIM than in normal controls (1) , and in yet another study 66% of CD8 T cells were CD28 positive (2) .
The present findings suggest that the CD28-int subset is selectively expanded during AIM, and these findings are of importance for clarifying the mechanism of defense against EBV infection and the role of CD28 in humans. These findings may also be useful for assays for the diagnosis of IM based on examination for the presence of the CD28-int subset.
The origin and function of these T cells is now under investigation. Although the expansion appears to be antigen driven (2, 7, 20) , its functional importance in controlling viral infection is not clear. It is likely that EBV latent or early lytic cycle antigens stimulate organic lymphoid systems (4, 6, 8) . Consequently, CD8 T cells may undergo clonal and/or oligoclonal expansion (2, 3, 7, 20) . It was reported that clonally expanded CD8 T cells frequently lack expression of CD28 (17, 18) . Clonally expanded CD28-negative CD8 T cells have undergone many more rounds of replication than CD28-positive CD8 T cells, and this is consistent with the loss of CD28 expression (18) . It is possible that during the clonal expansion of CD8 T cells, the expression of CD28 may decrease, which might facilitate the emergence of the CD28-int subset. It has been suggested that in AIM the antigenic stimulation is extremely strong and specific (4, 8, 22) , and we speculate that this might result in the intermediate level of CD28 expression observed here. The CD28-int T cells expanded in AIM would function as an effector subset and would be destined to die by apoptosis. However, the massively expanded CD28-int CD8 T cells presently observed in PBMC during AIM were clearly different from the CD28-negative CD8 T cells usually observed in healthy controls, since 1 day of ex vivo culturing produced CD28-int cells that were distinguishable from CD28-negative cells, as shown in Fig. 3e and f. These findings are consistent with the idea that clonal expansion of CD8 T cells is the result of cell replication but that the expanded cells are not able to divide further (17, 18) .
The ligands of CD28 are CD80 and CD86. It is known that CD28 and CD152 cross-talk with CD80 and CD86 (5, 14) . This costimulatory pathway has the ability to regulate immune responses both positively and negatively. However, its physiolog- FIG. 6 . Expression of CD8 and other phenotypes in AIM patients. After PBMC were isolated by Ficoll-Hypaque, the expression of CD8 and other activation markers (HLA-DR, CD45-RO, and CD45-RA), NK cell markers (CD16 and CD56), and costimulatory molecules (CD80 and CD152) was examined by flow cytometry (21) . Typical results obtained with samples of an AIM patient and a healthy control are shown. The percentages of cells in quadrants are given in each panel.
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on October 14, 2017 by guest http://jvi.asm.org/ ical role in viral infection is unknown. Infection with HIV leads to constitutive expression of CD80 and CD86, concomitant with down-regulation of CD28 on T cells (13) . However, there was no significant change in the expression of these other costimulatory molecules in the AIM patients we examined (Fig. 6) , suggesting that the mechanism of defense against EBV infection might be regulated differently from that against HIV infection. We hope that the present observations will provide the basis for further and more sophisticated elucidation of the immunoregulatory mechanisms of viral infections.
